The metabolism of sulfide, sulfur, and acetate by Beggiatoa alba was investigated under oxic and anoxic conditions. B. alba oxidized acetate to carbon dioxide with the stoichiometric reduction of oxygen to water. In vivo acetate oxidation was suppressed by sulfide and by several classic respiratory inhibitors, including dibromothymoquinone, an inhibitor specific for ubiquinones. B. alba also carried out an oxygen-dependent conversion of sulfide to sulfur, a reaction that was inhibited by several electron transport inhibitors but not by dibromothymoquinone, indicating that the electrons released from sulfide oxidation were shuttled to oxygen without the involvement of ubiquinones. Intracellular sulfur stored by B. alba was not oxidized to sulfate or converted to an external soluble form under aerobic conditions. On the other hand, sulfur stored by filaments of Thiothrix nivea was oxidized to extracellular soluble oxidation products, including sulfate. Sulfur stored by filaments of B. alba, however, was reduced to sulfide under short-term anoxic conditions. This anaerobic reduction of sulfur was linked to the endogenous oxidation of stored carbon and to hydrogen oxidation.
Thiothrix nivea JP3 (10) , and Chromatium vinosum (7) were used in this study.
The media were prepared in a basal salts solution (BSS) consisting of 4.7 mM NH4Cl, 1 mM CaCl2, 73.5 ,uM KH2PO4, 40 ,uM MgSO4 * 7H20, and 5 ml of a microelement solution per liter (34) . BH (heterotrophic) medium consisted of BSS plus 6.1 mM sodium acetate (pH 7.3). BSO (sulfide oxidation) medium contained BSS, 6.1 mM sodium acetate, and 2 mM neutralized sodium sulfide, with all components added before autoclaving (24) .
Cultures of Beggiatoa and Thiothrix strains were grown at 23°C in 2-liter flasks that contained 1 liter of medium. The flasks were inoculated with approximately 100 ml of a stationary-phase culture and shaken at 100 rpm. The cultures were harvested after 24 h of incubation by centrifugation at 6,000 rpm and washed once in BSS. Concentrated cell suspensions were prepared by suspending the pellet to a density of ca. 0.3 to 0.4 mg of cell protein per ml in the appropriate buffer.
Acetate, sulfide, and thiosulfate oxidation. Acetate-dependent oxygen consumption by B. alba B18LD was measured with the Warburg respirometer as described by Umbreit et al. (32) . Two milliliters of a concentrated cell suspension from BH medium were dispensed into Warburg flasks. The center well of the flasks contained pleated filter paper (5 by 25 mm) saturated with 0.2 ml of 20% potassium hydroxide. The side arm of each flask contained 222 ,ul of 60 mM sodium acetate in BSS. Inhibitors were incubated with the cell suspension at the concentrations designated in Table  1 for 15 min before the addition of sodium acetate. Manometric readings were taken every 15 min.
The effect of inhibitors on the rate of [2-14C]acetate oxidation was measured in 25-ml sidearm reaction flasks (no. 882360; Kontes, Vineland, N.J.) by adding 333 ,u1 of [2-14C]acetate (1 ,uCi; 0.1 ,uCi/,umol) to the concentrated cell suspension as described previously (35) . Inhibitors were added to the reaction flasks 15 min before the addition of substrate. 14CO2 was collected on KOH-saturated filter paper and counted with a Beckman LS-6800 scintillation counter. Data were corrected for quenching by using an internal standard of [methyl-14C] toluene. 5466 on May 1, 2016 by guest http://jb.asm.org/
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Sulfide-dependent oxygen consumption by B. alba B18LD was measured in-the Warburg apparatus by the method described for acetate oxidation, except that the side arm of each flask contained 333 ,ul of freshly prepared and neutralized 10 mM sodium sulfide in place of sodium acetate. Duplicate measuremhents of the chemical oxidation of sulfide were made with respirometer flasks containing 2 ml of BSS without cells. The oxidation of radiolabeled sulfide to labeled "intracellular" sulfur (24, 27, 35) was measured concurrently with identical cell suspensions. Samples (10 ml) of the concentrated cell suspension were dispensed into 50-ml Erlenmeyer flasks, and the vessels were shaken at 120 strokes per min in a Dubnoff metabolic shaker at 23°C. When anoxic conditions were required, oxygen was removed from the flasks by flushing with nitrogen for 10 min, and then the flasks wero carefully capped with a rubber stopper (35) .
Sodium [35S]sulfide (0.425 ,uCi/,umol) was added to each flask to a final concentration of 1 mM. The autooxidation of sulfide and the sorption of sulfide to the cells were measured in control flasks with autoclaved cells. The effect of respiratory inhibitors or 6 mM acetate on sulfide oxidation by B. alba B18LD was measured by adding the affectors to the cell suspension 15 min before the addition of sulfide. Samples (200 ,ul) were removed at timed intervals and filtered through Whatman glass fiber filters. The filters with cells containing 35S inclusions were washed with BSS at pH 3 to remove any externally bound label (24, 27) and then dried at 60°C for 2 h. The dried filters were counted in the scintillation cocktail described previously (25) . Quench corrections were made with [14C]toluene as described previously. To confirm that the cell-bound product of [35S]sulfide oxidation was 35S, replicate samples were filtered through Gelman GA-3 glass fiber filters (Gelman Sciences, Inc., Ann Arbor, Mich.) and washed with 2 ml of either BSS (pH 3), ethanol, benzene, acetone, or 5% aqueous trichloroacetic acid.
Oxidation of cellular sulfur. In an attempt to deplete the cellular reserves of sulfur, B. alba B18LD and T. nivea JP3 were grown to late log phase in BSO medium, harvested, and then suspended in sterile BSS to the same volume and incubated at 23°C on a rotary shaker at 150 rpm. After 12 h, the cells were examined microscopically for the presence of sulfur inclusions and prepared for respirometry as described previously. Cells that were harvested from BSO medium and not starved for sulfur were also prepared for respirometry.
To measure oxidation products obtained from intracellular 35S stores, B. alba B18LD and T. nivea were grown in BSO mediuiii containing 1 mM [35S]sulfide (0.4 p.Ci/4imol). Filaments harvested from the radioactive medium were washed twice in BSS and suspended to their original density in one of the following: normal BSS, BSS with chloride salts substituted for all sulfate salts, BSS with chloride salts plus 1 mM freshly prepared and neutralized sodium sulfide, BH medium, or BSO medium (all solutions were adjusted to pH 7.2). The cultures were incubated aerobically in 500-ml flasks shaken at 200 rpm on a rotary shaker for periods of 12 h to 4 days, depending on the experiment. Typically, four 200-,ul samples were taken from each flask at each time point. Two of the samples were filtered through Gelman glass fiber filters and washed with 2 ml of BSS at pH 3.0. The radioactivity on the filters, measuring the intracellular sulfur, was counted as described previously. To measure the amount of 35S-labeled soluble compounds released from the filaments, the other two samples were centrifuged for 2 min in a microfuge, from which 100-,ul samples of the supernatant were added to a toluene-based scintillation cocktail containing 5 g of PPO (2,5-diphenyloxazole) and 50 mg of POPOP [1,4-bis(5-phenyloxazolyl)benzene] per liter in 33% Triton X-100 in toluene (21) and counted as described previously. An alternative method for obtaining B. alba B18LD labeled sulfur inclusions was also used. B. alba was grown in 500 ml of BH niedium for 16 h, after which 40 ,uCi of Na235S (1 ,uCi/mmol) was added. The filaments were incubated with the labeled sulfide for 6 h, pelleted aseptically by centrifugation, washed twice with BSS, suspended in 50 ml of BH medium, and incubated aerobically on a rotary shaker (250 rpm) for 72 h (25°C). Samples were taken as described above to determine the amount of label remaining in the filaments and the amount released into the medium.
Microelectrode studies. A 5% inoculum of B. alba B18LD was introduced into BSO medium, which upon incubation yielded visible tufts of the organism in early exponential growth. Individual tufts were removed from the medium, rinsed gently in BSS, and embedded in a 2% agar cube measuring approximately 3 mm per side. The agar cube containing the tuft of B. alba filaments was suspended in the middle of a 500-ml glass bowl filled with BSS by using capillary tubes that were anchored to the bottom of bowl. Air, nitrogen, or hydrogen was bubbled through the BSS solution at ambient temperature (ca. 23°C). Microelectrodes, made according to the methods described by Revsbech et al. (23) , were positioned with a micromanipulator to measure sulfide and oxygen gradients around and through the tuft of B. alba filaments embedded in agar while the vessel was bubbled with air. The electrodes were then relocated at the surface of the tuft of filaments in the agar cube, and either nitrogen or hydrogen was bubbled through the reaction vessel.
Measurement of sulfide production. Reduction of sulfur to sulfide by mid-exponential-phase cells of B. alba B18LD was measured in flasks which were continuously flushed with high-purity nitrogen. Sulfide was trapped in two serial tubes, each containing 10 ml of 2% zinc acetate solution, which was assayed for sulfide by the method of Kline (9) Hydrogen evolution and uptake assays. To measure hydrogen evolution in Beggiatoa and Vitreoscilla spp., concentrated cell suspensions of o.1 to 0.3 mg of cell protein per ml were prepared in BSS also containing 25 mM HEPES (N-2-hydroxyethylpiperazine-N'--2-ethanesulfonic acid) buffer (pH 7.2). Two.milliliters of each suspension was dispensed into 9-ml serum bottles (Wheaton Scientific, Mill- ville, N.J.) which were sealed with rubber stoppers and aluminum caps. Forty microliters of 100 mM methyl viologen in 10 mM phosphate buffer (pH 7.2) was added to each flask. The bottles were flushed with nitrogen for 15 min, and the hydrogen evolution assay was initiated by the addition of 0.1 ml of 100 mM sodium dithionite (in distilled water) to a final concentration of 10 mM. The bottles were shaken at 120 strokes per min at 23°C in a reciprocal metabolic shaker. Headspace gas samples of 100 ,ud were withdrawn from the bottles every 30 min and analyzed by injection into a Varian Aerograph 3700 gas chromatograph equipped with a 3-m stainless steel column packed with molecular sieve SA (30-40 mesh). The following temperatures were used: injector, 100'C; column, 30°C; thermal conductivity detector, 150°C; and filament, 300°C. Nitrogen, at a flow rate of 30 ml/min, served as the carrier gas. The output from the gas chromatograph was recorded on a model 252A strip chart recorder (Linear Instruments Corp., Costa VOL. 169, 1987 on May 1, 2016 by guest http://jb.asm.org/ Downloaded from Mesa, Calif.). Peak heights were measured and compared with a standard curve prepared from the heights measured for hydrogen standards in nitrogen.
Hydrogen consumption was measured by dispensing 1.5 ml of concentrated filament suspension into 9-ml serum bottles. After the bottles were flushed with nitrogen for 15 min, 4% of the headspace was replaced with 1 atm (101.29 kPa) of hydrogen. The bottles were incubated as above. The headspace was sampled at 60-min intervals and analyzed by gas chromatography for remaining hydrogen as described above.
Protein determinations. The concentration of total cell protein was estimated by the method of Lowry et al. (11) after extraction of the sulfur with 95% ethanol for 1 h and digestion of the cells by heating the samples at 90°C in 1 N NaOH for 10 min, followed by reneutralization of the solutions with 1 N HCI. (27) quinone at concentrations five times the amount necessary to inhibit acetate oxidation essentially had no effect on sulfide oxidation (Table 1) . Sodium acetate at a final concentration of 6 mM reproducibly inhibited sulfide oxidation by ca. 50%, and 1 to 2 mM malate strongly inhibited sulfide oxidation (Table 1) .
To determine the stoichiometry between sulfide oxidation and oxygen reduction, the rates of sulfide-dependent oxygen consumption and Sulfur oxidation. Microscopic observation of filaments of B. alba B18LD and T. nivea JP3 grown in BSO medium revealed the presence of numerous refractile sulfur inclusions. After such filaments had been harvested, washed, and incubated in BSS for 12 h, the phase-bright inclusions were depleted from filaments of T. nivea but not from filaments of B. alba B18LD. Moreover, numerous sulfur inclusions in The oxidation of intracellular sulfur by B. alba and T. nivea was also determined by measuring the extracellular release of 35S-labeled compounds from radiolabeled sulfur inclusions under aerobic conditions. In seven separate experiments conducted with B. alba B18LD, never more than 5% of the 35S deposited in the filaments was released into the medium after 22 h (or 11% released after 60 to 72 h) of incubation under aerobic conditions (Table 2 ). This absence of significant sulfur oxidation was observed regardless of whether sulfate salts, phosphate salts, acetate, or sulfide was present or absent in the medium. Filaments of T. nivea, on the other hand, released approximately 40% of their 35S label into the medium within 21 h of incubation (Fig. 1) . The presence or absence of 1 mM sulfide or sulfate in the BSS solution had little effect on the solubilization of the label by T. nivea filaments (Fig. 1) . Chemical measurements indicated that sulfate was a major product of the oxygendependent sulfur oxidation in T. nivea, although stoichiometric values were not obtained (T. M. Schmidt, Ph.D. thesis, Ohio State University, Columbus, 1985).
Microelectrode studies. While air was bubbled around a tuft of B. alba B18LD filaments embedded in an agar cube, the endogenous metabolism lowered the concentration of dissolved oxygen to an undetectable level at the surface of the filament pellet (Fig. 2) . At the point where the oxygen concentration neared zero, sulfide was detected and reached a concentration of 10 p.M at a distance of 50 p.M inside the filament pellet. When nitrogen instead of air was bubbled through the microelectrode apparatus, a constant rate of sulfide production was measured at the surface of the cell pellet (Fig. 3) . When the nitrogen was replaced with hydrogen, the rate of sulfide production increased (Fig. 3) .
Endogenous anaerobic respiration. In a bubbling apparatus designed to provide short-term anoxic conditions with continuous removal of sulfide, sulfide was produced at a rate of 6.7 nmol/min per mg of protein by sulfur-containing filaments of B. alba B18LD (Fig. 4) . B. alba filaments that lacked sulfur inclusions and had been grown in BH medium did not produce any detectable sulfide over a period of 4 h (Fig. 4) . As a positive control, sulfide was produced at a rate of 5.0 nmol/min per mg of protein by dark-incubated cells of C. vinosum (Fig. 4) , a purple phototrophic bacterium known to reduce sulfur to sulfide (33) . Anaerobic hydrogenase activity. Because hydrogen appeared to stimulate the anaerobic production of sulfide from sulfur-containing filaments of B. alba B18LD (Fig. 3) (25) . The methyl carbon is oxidized to CO2 at a lower rate than the carboxyl carbon, accounting for only 34 to 40% of the acetate oxidized by beggiatoas (25, 29) . Because the components of a typical aerobic, heterotrophic bacterial metabolism are present (29) Sulfide oxidation. The oxidation of sulfide to sulfur is catalyzed by filaments of B. alba incubated in the presence of oxygen. We tested the possible involvement of electron transfer proteins in sulfide oxidation by using electron transport inhibitors that were shown to be effective inhibitors of acetate oxidation ih B. alba. Inhibitors of cytochromes or flavoproteins (1) suppressed sulfide oxidation, but the ubiquinone analog dibromothymoquinone (22, 30) was ineffective, suggesting that electrons from sulfide oxidation do not interact at the level of ubiquinone in B. alba B18LD. If electrons enter an electron transport chain, the inhibitor data suggest that both a flavoprotein and cytochromes are in- (16) showed that the stoichiometry of sulfide oxidation to sulfur for energy purposes alone should be 2:1 (H2S:02; equation 2), whereas the stoichiometry of oxygen-dependent sulfide oxidation to sulfur for energetic and reduction purposes would be 2.42:1 (H2S:02). That ratio would fall to approximately 0.5:1 if the sulfide were oxidized completely to sulfate (16) (27) , and sulfate has been measured as one of the oxidation products. Thus, it appears that the freshwater Thiothrix strain may have a sulfur metabolism more similar to that of marine Beggiatoa strains than to that of the freshwater strains.
Sulfur reduction. The inability of B. alba B18LD to oxidize sulfur leaves a potential source of electrons unused. This stored sulfur, however, might be used as a terminal electron acceptor under anoxic conditions. Sulfur-containing filaments of B. alba B18LD reduce sulfur to sulfide, and this reduction is apparently coupled to the oxidation of endogenous carbon reserves, possibly poly-,-hydroxybutyric acid (6, 25) . Desulfuromonas acetoxidans also linked anaerobic sulfur reduction with the oxidation of organic compounds such as ethanol and acetate (2). Filaments of B. alba B18LD that lack sulfur inclusions do not produce sulfide under anoxic conditions, eliminating the possibility that the sulfide was a product of sulfate reduction or the degradation of sulfur-containing proteins. Anaerobic sulfide production by Beggiatoa spp. was first observed in strain 75-2a by Nelson and Castenholz (13) and was thought to be the means by which the cells survived periods without oxygen. It is possible that anaerobic reduction of sulfur may be common to all beggiatoas and certainly to the freshwater strains that do not oxidize sulfur to sulfate.
When B. alba B18LD filaments were placed under shortterm anoxic conditions, the presence of hydrogen stimulated sulfide production, suggesting that B. alba contained a hydrogenase and that hydrogen oxidation might be coupled with sulfur reduction. Anaerobic hydrogen consumption was detected only when B. alba B18LD filaments contained microscopically visible sulfur inclusions. Further experiments showed that the hydrogenase in B. alba B18LD was an uptake hydrogenase. The oxidation of hydrogen is coupled to the reduction of periplasmically located sulfur (27) to sulfide. The coupling of hydrogen oxidation to sulfur reduction has been observed with Desulfuromonas spp. (4) and is also evident in experiments conducted with Chlorobium spp. (20) . It is not certain that hydrogen is available in the natural habitat of Beggiatoa spp., but since several strains of Beggiatoa contain nitrogenase (18) , the hydrogenase may function in the recycling of hydrogen produced by a side reaction of the nitrogenase.
The metabolic flexibility offered by the coupling of sulfur reduction to anaerobic oxidation of endogenous carbon reserves or hydrogen may be essential to an organism that exists in a changing environment such as that of Beggiatoa spp. (13, 17) . While the organism appears to grow best in the presence of low concentrations of oxygen, it is apparently capable of surviving at least short periods of anoxia (17) . In nature this anaerobic respiration of sulfur may be the means by which filaments produce maintenance energy and the energy required to glide to the oxic-anoxic interface.
